Background-The tissue inhibitor of metalloproteinases-1 (TIMP-1) is expressed in atherosclerotic lesions, where it may play a critical role in regulating the activity of matrix metalloproteinases (MMPs). Several MMPs are overexpressed in the atherosclerotic plaque, and they are believed to contribute to the expansion and rupture of the lesion. Methods and Results-The Timp-1-knockout mouse model (Timp-1 Ϫ/Ϫ ) was crossed into the apolipoprotein E-knockout (apoE0) background. A study population of male apoE0 mice, half of them deficient in TIMP-1, was fed an atherogenic diet. After 10 weeks of the diet, the mean lesion sizes of the two groups of animals were not significantly different, and the average content of fibrillar collagen and macrophages in the lesions was similar. There was no sign of plaque hemorrhage, even after 22 weeks of high-fat diet, indicating that deficiency in TIMP-1 does not predispose to luminal rupture. However the atherosclerotic lesions of the Timp-1 Ϫ/0 mice developed more aortic medial ruptures, in which all elastic lamellae of the media were degraded and infiltrated with macrophages, forming pseudo-microaneurysms. After 10 weeks of high-fat diet, the Timp-1 Ϫ/0 /apoE0 mice averaged 1.9Ϯ1.2 medial ruptures in the proximal aorta, compared with 0.5Ϯ0.7 for the apoE0 controls (PϽ0.003). At the site of degradation, in situ zymography revealed that the gelatinolytic activity, mainly associated with macrophages, could be abolished by the addition of MMP inhibitors. Conclusions-These data strongly suggest that TIMP-1 plays a key role in preventing medial degradation associated with atherosclerosis through its ability to inhibit the MMPs that are involved in the disruption of the media. 
T he initiation and progression of atherosclerosis, from the early fatty streaks to the advanced lesions, involve major changes of the neointimal extracellular matrix. 1 Two complications of atherosclerosis, plaque rupture and aneurysm formation, are believed to be associated with an excess of proteolytic activity in the lesions. 1 Mature atherosclerotic lesions are characterized by the presence of a fibrous cap containing elastic and collagen fibers. 2 The disruption of this fibrous cap and the subsequent release of thrombogenic molecules into the circulating blood often result in lethal myocardial infarction. 3 Arterial aneurysm development is characterized by the degradation of the proteins forming the extracellular matrix of the media with subsequent dilatation of the arterial wall. 4 Endopeptidases belonging to the matrix metalloproteinase (MMP) family 5 are believed to contribute significantly to the degradation and remodeling of the plaque extracellular matrix. 1 These MMPs, which are not expressed in normal vessels, include interstitial collagenases (MMP-1, -8, -13, and -14) and elastinolytic enzymes (MMP-7, -9, and -12). 6 -9 They are secreted in latent proforms, requiring the processing of their N-terminal propeptide to be active. 5 In vivo, MMPs are inhibited by the tissue inhibitors of metalloproteinases (TIMP). Four human forms of TIMPs, TIMP-1 to -4, have been identified, 10 and TIMP-1, -2 and -3 are overexpressed in the atherosclerotic lesions. 6, 11 TIMP-1 is a 28-kDa glycoprotein with a high affinity for all active MMPs except MMP-2 and MMP-14. 10 TIMP-1 also binds to the proform of gelatinase B (MMP-9), slowing its activation. 10 Previous studies have suggested that TIMP-1 might play an important role in the development of atherosclerotic lesions 12 and in vessel wall degeneration. 13 To study the role of TIMP-1 in atherosclerosis, we crossed the Timp-1-knockout mouse into the atherosclerosis-susceptible apoE-knockout background. 14, 15 The hypercholesterolemic apoE0 mice develop lesions of atherosclerosis that are similar to human lesions but do not rupture. 16, 17 
Methods

Experimental Animals
ApoE0 mice in the C57BL/6 genetic background were obtained from the Jackson Laboratory (Bar Harbor, Me). The generation of the
Timp-1
Ϫ/Ϫ mice was previously described. 18 Timp-1 Ϫ/Ϫ mice in the C57BL/6 background were used for crossbreeding with apoE0 mice. The animals were genotyped by Southern blot analysis with the TIMP-1 cDNA as a probe. 18 Four-week-old mice used in the study population were fed an atherogenic Western-type diet (20% protein, 50% carbohydrate, 21% fat, 0.21% cholesterol; Research Diets) for 10 to 22 weeks and then were euthanized for analysis.
Northern Blot Analysis
Total RNA from peritoneal macrophages was prepared as described previously, 19 and Northern blot analysis was performed with the TIMP-1 cDNA as a probe.
Lipid Analysis
Total plasma cholesterol levels from fasted mice were determined by a 4-aminoantipyrine-based enzymatic assay (Wako Bioproducts).
Quantification of Atherosclerosis and Medial Degradation
Mice were euthanized with CO 2 ; the right jugular was nicked and the heart was pressure-perfused at 80 mm Hg via left ventricular puncture, first with PBS and then with 10% neutral buffered formalin for 5 minutes to fix the aorta. A length of 750 m of the paraffin-embedded proximal aorta was cross-sectioned serially in 10-m increments. Lesions from every sixth section, for a total of 8 sections, were stained with hematoxylin and eosin (H&E) and quantitated by video microscopy with the Image Pro 3.0 software (Media Cybernetics). An average lesion size was determined for each mouse. 20 The total area of the aorta, delimited by the external elastic lamina, was also measured with the same software. The same sections were examined by light microscopy to quantify the degradation of the media, and sites in which the media was completely disrupted, forming pseudo-microaneurysms, were numbered. Degradation of all elastic layers at the medial rupture site was ascertained by examination of adjacent Elastica van Gieson (EVG)-stained sections.
Histological Analysis
In addition to the sections used for quantifications, animals that were fed a high-fat diet for 22 weeks were euthanized for histological analysis of advanced lesions of atherosclerosis. The formalinperfused aortas were embedded in paraffin. Transversal sections (5 m) of the aortic root and longitudinal sections of the thoracic and abdominal aortas were stained with H&E, Masson's trichrome, and EVG as described. 21
Immunohistochemistry
Immunohistochemical detections of aortic smooth muscle cells and macrophages were performed with the avidin-biotin-horseradish peroxidase method (Mouse to Mouse kit, Zymed). Macrophages were detected with a rat antimouse Mac-3 monoclonal antibody (Pharmingen) and smooth muscle ␣-actin with a mouse monoclonal antibody (Zymed). The activity of the peroxidase was revealed by diaminobenzidine, yielding a brown deposit. Sections were counterstained with methyl green.
Quantification of Lesion Collagen and Macrophage Contents
For each proximal aorta, 4 serial sections 60 m apart from each other were stained with Masson's trichrome for collagens. For macrophage quantification, sections were stained with the Mac-3 monoclonal antibody. The stained collagen and macrophages were quantified with video microscopy and Image Pro 3.0 software.
In Situ Zymography
In situ zymography was performed to localize the gelatinolytic activity in the tissue. 22 Cryostat sections of 10 m were overlaid with the assay solution (50 mmol/L Tris-HCl, 5 mmol/L CaCl 2 , 5 mol/L ZnCl 2 , pH 7.5) containing low melting point agarose (0.5% final; BioWhittaker) and 50 g/mL of quenched FITC-labeled DQ gelatin (Molecular Probes). Sections were incubated at 37°C for 18 hours and examined. MMP inhibitors, 10-mmol/L EDTA, or recombinant bovine TIMP-1 (75 ng/section; Calbiochem), were added to the assay solution as controls.
Statistical Analysis
Unless otherwise specified, analysis was performed by the 2-tailed unpaired Student's t test, with PϽ0.05 considered significant.
Results
The study population of apoE0 mice deficient in TIMP-1 was obtained by first crossing a Timp-1 Ϫ/Ϫ female, in the C57BL/6 background, with an apoE0 male ( Figure 1 ). After two generations, a Timp-1 Ϫ/0 /apoE0 male was selected and crossed with apoE0 females. Their progeny were interbred to give a study population of apoE0 males of which Ϸ50% were Timp-1 knockout (Figure 1 ). Only males were used in this study because the gene for TIMP-1 is linked to the X chromosome. The mice were screened by Southern blot Figure 1 . Generation of the study population. a, Because Timp-1 is linked to the X chromosome, only males were used in the study. b, Animals were screened for Timp-1 by Southern blot. A 3.6-kb fragment indicates wildtype mice and a 5-kb fragment was identified for the knockout. c, Total RNAs from peritoneal macrophages of apoE0 and Timp-1 Ϫ/0 / apoE0 mice, respectively, were analyzed by Northern blot with the TIMP-1 cDNA as a probe.
before being placed on the Western diet (Figure 1b) . Macrophages from Timp-1 Ϫ/0 /apoE0 mice did not express TIMP-1 ( Figure 1c) .
The study population was fed an atherogenic, high-fat diet for 10 or 22 weeks. The total plasma cholesterol levels were similar between the Timp-1 Ϫ/0 /apoE0 (1419Ϯ495 mg/dL; nϭ17) and the apoE0 controls (1457Ϯ731 mg/dL; nϭ21). After 10 weeks of the diet, the average lesion size in the two groups of animals was not significantly different (127 749Ϯ54 546 m 2 for the Timp-1 Ϫ/0 /apoE0, nϭ14; 134 978Ϯ68 210 m 2 for the apoE0 controls, nϭ14, Figure 2 ). A qualitative examination of the plaques for cellular and matrix composition was performed, and no significant difference between the two groups of mice was observed. The average macrophage content of the animals was determined:
The number of Mac-3-positive cells was not changed in the Timp-1 Ϫ/0 /apoE0 animals (30.8Ϯ12.6% of the lesion, nϭ10) compared with the controls (29.6Ϯ4.6%, nϭ10; Pϭ0.78). The integrity of the matrix in the lesions was further investigated by quantification of the average collagen content of the plaque. The Timp-1 Ϫ/0 /apoE0 mice (nϭ5) had an average collagen content of 20.4Ϯ13.2% of the plaque area, which was not significantly different from the controls (27.7Ϯ13.3%, nϭ5, Figure 2 ). Histological examination of very advanced lesions from mice that were fed the high-fat diet for 22 weeks (Timp-1 Ϫ/0 /apoE0, nϭ4; apoE0, nϭ4) did not reveal any evidence of plaque rupture.
However, after 10 weeks of the diet, a majority of the Timp-1-knockout mice exhibited at least one medial rupture in the proximal aorta, characterized by the complete degradation of the media (Table) . These medial degradations were much less frequent in the apoE0 controls (Pϭ0.0052, Fisher's exact 2-tail test; Table) . Figure 3 shows a comparison of aortic sections from a control apoE0 (Figure 3a) and a Timp-1 Ϫ/0 /apoE0 mouse (Figure 3b) after EVG staining. Two medial ruptures can be seen in the Timp-1 Ϫ/0 mouse section (Figure 3b ). Another illustration of medial degeneration in a Timp-1 Ϫ/0 /apoE0 mouse is presented in Figure 3c , demonstrating the destruction of the media and its infiltration by cells from the atherosclerotic lesion.
The number of medial ruptures for each animal was significantly higher in the Timp-1 Ϫ/0 /apoE0 animals ( Figure 2 , average of 1.9Ϯ1.2, nϭ14) compared with the controls (average of 0.5Ϯ0.7 rupture per animal, nϭ15, PϽ0.003). The increased medial degradation in the Timp-1 Ϫ/0 /apoE0 animals was not associated with an aneurysmal dilatation of the aortic vessel: The average total area of the aorta (delim- 
Number of Mice Presenting With >1 Medial Rupture
No Rupture Rupture ApoE0 (nϭ15) 9 6
Timp-1 Ϫ/0 /apoE0 (nϭ14) 1 1 3
Pϭ0.0052, Fisher's exact 2-tail test. 
18).
The observed medial ruptures were characterized by an infiltration of Mac-3-positive macrophages, migrating in an intimal-to-adventitial gradient (Figure 4, arrow) , forming pseudo-microaneurysms. 23 The site of disruption is also characterized by a decrease in ␣-actin staining due to the diminished number of smooth muscle cells (Figure 4) . In situ detection of gelatinolysis with fluorescent peptides ( Figure 5 ) demonstrated that proteolytic activity is mainly detected at the level of the macrophages invading the media at the site of rupture (Figure 5a ). This activity was almost completely suppressed by the addition to the section of 10 mmol/L EDTA (data not shown) or recombinant TIMP-1 (75 ng; Figure 5C ), indicating that the gelatinolytic activity at the site of medial degradation is very likely attributed to MMPs.
Discussion
The present study demonstrates that deficiency of TIMP-1 significantly increases the medial degradation associated with atherosclerotic lesions in apoE0 mice. The Timp-1-knockout animals presented a higher number of ruptures in the aortic media, in which all elastic laminae were digested and infiltrated with macrophages, forming pseudo-microaneurysms. Because the gelatinolytic activity at the site of medial disruption could be inhibited by EDTA or TIMP-1, it is highly likely that proteases found in the degraded media include MMPs.
Previous correlative studies have demonstrated the expression of MMPs during medial degeneration. For instance, it has been hypothesized that overexpression of gelatinase A (MMP-2) by vascular smooth muscle cells may be responsible for the degradation of the elastin fibers in the early stages of aneurysm development. 24 In human abdominal aortic aneurysms, gelatinase B (MMP-9) and metalloelastase (MMP-12) have been detected by in situ hybridization and immunohistochemistry in the macrophages infiltrating the media. [25] [26] [27] In apoE0 mice, MMP-3, -9, -12, and -13 have been detected in cells at the base of the plaque, in infiltrating macrophages, and in the inflamed adventitia surrounding sites of medial destruction. 23 Direct evidence for the role of MMPs in medial degradation associated with atherosclerosis was first given in a study by Carmeliet and colleagues 23 with the use of apoE0 mice deficient in the urokinase-type plasminogen activator. These mice were found to be resistant to medial degeneration and aneurysm formation. Because plasmin cannot degrade fibrillar collagen or elastin, the main proteins of the media, it is very likely that resistance to medial degradation in urokinasetype plasminogen activator-deficient mice was due to a lack of plasmin-activated MMPs in the atherosclerotic lesions. Furthermore, apoE0 mice deficient in stromelysin-1 (MMP-3) have larger atherosclerotic lesions but reduced aneurysm formation, suggesting that MMP-3 is involved in the matrix degradation of the vessel wall. 28 Our study provides further direct insights for the role of TIMP-1 and MMPs in medial degradation and pseudomicroaneurysm formation in atherosclerosis. Because TIMP-1 has been shown to be overexpressed in medial degradation during aortic aneurysm, 25 in which it colocalizes to the vascular smooth muscle cells, 25, 26 it is likely that deficiency in TIMP-1 results in a decreased inhibition of active MMPs at site of disruption. We can thus hypothesize that the increased degradation of the media in our Timp-1-knockout mice is a consequence of augmented MMP activity in the atherosclerotic lesions. The lack of true aneurysm formation suggests that a concomitant elevation in blood pressure resulting in altered hemodynamic forces is necessary for the development of dilatation, as has been seen in other studies. 29 Ϫ/0 /apoE0 mouse that was fed a high-fat diet for 10 weeks. This figure shows that the gelatinolytic activity is mainly localized to cells infiltrating the media (arrow), with some signal in the inflamed media. b, H&E staining of an adjacent section; the site of medial degradation is indicated by an arrow. c, The gelatinolytic activity at the site of rupture (arrow) was strongly decreased after addition of recombinant TIMP-1 (75 ng) to the section. Scale barϭ50 m.
Other animal models have provided insight into the role of MMPs in the pathological disruption of the media. Mice deficient in gelatinase B (MMP-9) are resistant to an elastase-induced model of aortic aneurysm. 30 Experiments in rats demonstrated that the retroviral overexpression of TIMP-1 in smooth muscle cells prevented the degradation of the media, a process associated with decreased MMP activity. 13 Because we did not detect differences in plaque size, macrophage content, and collagen deposition between controls and Timp-1 Ϫ/0 animals after 10 weeks of high-fat diet, it appears that TIMP-1 deficiency alone does not significantly alter plaque evolution or progression. In a previous study, we have shown that increased expression of the human enzyme MMP-1 (interstitial collagenase) in plaques led to decreased lesion formation in apoE0 animals. 19 However, mice do not normally express MMP-1 and, therefore, loss of TIMP-1 would not lead to increased MMP-1 activity within the plaque of apoE0 mice, although an increase in interstitial collagenase activity may occur because of MMP-13. From our present study, it appears that the increase in MMP activity because of the loss of TIMP-1 is insufficient to result in a significant difference in lesion size after 10 weeks of high-fat diet. At the level of detection for the in situ zymography, no differences in gelatinolytic activity were detected between apoE0 controls and Timp-1-knockout mice.
Our data may also indicate that other inhibitors of MMPs in the atherosclerotic lesion, such as TIMP-2, TIMP-3, and the tissue factor pathway inhibitor-2, 31 have a more essential role than TIMP-1 in the regulation of MMPs during plaque evolution. In addition, because TIMP-1 does not affect MMP-14 activity, it is possible that this proteinase could be critical in lesion remodeling through its ability to activate proMMP-2 and digest fibrillar collagens. 32 Finally, the absence of a difference in plaque size and quality may imply that other classes of proteinases, such as cathepsins S and K, 33 which are unaffected by TIMP-1, have an important contribution to plaque progression.
A similar study to the one presently reported was recently published by Silence et al. 34 These authors demonstrate that the apoE0 mice deficient in TIMP-1 have an increase in aneurysm formation and smaller atherosclerotic lesions after 30 weeks of a high-fat diet. Because we did not detect any difference in plaque size after 10 weeks of the diet, it is probable that the effect of TIMP-1 deficiency on plaque development becomes significant only in very advanced lesions. The medial disruptions they described were identical to the lesions we have observed, but we refer to them more representatively as pseudo-microaneurysms, as opposed to aneurysms, because of the lack of dilation of the aortic vessel wall.
In conclusion, our study demonstrates that the aortic atherosclerotic lesions of apoE0 mice deficient in TIMP-1 have an increase in medial degradation with pseudo-microaneurysm formation. This phenotype is likely attributed to a decreased inhibition of active MMPs at the sites of disruption. Our data thus strongly suggest that during atherosclerosis, TIMP-1 plays a key role in inhibiting and regulating the activity of MMPs that are involved in the degradation of the media underlying the atheroma.
